hydrocarbon flames over wide ranges of flame pressure and stoichiometry [1] [2] [3] [4] and (2) nonpremixed l!ydrogen flames at 1 atm under both laminar and turbulent conditions [.5,6] . We have also conducted LSF measurements of NH [7] , demonstrated measurements of atomic hydrogen via two-photon excitation [81, and developed a technique for measuring the concentrations of polycyclic aromatic hydrocarbons in vaporous mixtures [9] . More recently,
we have developed a quenching-independent method [1_.),111 of measuring atomic hydrogen via two-photon excitation called photoionization controlled-loss spectroscopy (PICLS) and demonstrated a single-laser thermometric technique using the so-called anomalous or dual fluorescence of molecular pyrene [12, 13] . Over the cun'ent period of the grant we have (1) measured absolute number densities of atomic hydrogen in hydrocarbon flames via two-photon excited fluorescence, (2) developed a new single-laser, two-step method for fluorescence detection of atomic hydrogen in flames, (3) employed PICLS to establish that quenching of atomic hydrogen is consistent with kinetic theory, (.1) published a major review of lightscattering methods for temperature measurements, and (5) demonstrated the feasibility of NO concentration measurements via laser-saturated fluorescence (LSF).
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Atomic Hydrogen Measurements in Hydrocarbon Flames
In previous work [10] , we have compared conventional fluorescence measurements of atomic hydrogen, which assume a constant rate coefficient for quenching, to measurements using photoionization controlled-loss spectroscopy (PICLS), which are independent of quenching, in H2/O2/N2 flames at 20 Torr. This comparison demonstrated the need to account for quenching in the preheat zone whenusing conventional fluorescence. However, further studies showed that at higher pressures (72 Torr), conventio_al fluorescence measurements and PICLS measurements agreed very weil, except below 2 mm above the burner surface; hence, in such flames, the rate coefficient for quenching can be assumed to be nearly constant [11] . Thus, in this study [ 14] , conventional two-photon measurements are calibrated in the post-flame zone of a _remixed hydrocarbon flame by essentially presuming partial e_:!uilibrium. Fluorescence from the directly excited state to the first excited state (n=2) at 656 nm is isolated by a Spex 3/4 meter spectrom_..ter. The c,t_tput from the ey.it slit is monitored with a Tektronix 5S14N sampling module. The sampling window is set at the temporal pe_ of the fluorescence pulse. The peak fluorescence signal is digitized and stored bya microcomputer.
The instantaneous power of the laser 0earn is monitored with a UV-sensitive silicon PIN photodiode; O'_eoutput from the photodiode is sent to a second sampling module (Tektronix 7S 14) . This output also is digitized and stored by the microcomputer.
Fluorescence is collected at a right angle to the axis of the laser beam with the entrance slit opened to accept the entire width of the fluorescence volume. For two-photon absorption, the ground state population is equivalent to NT, the total initial population of atomic hydrogen.
Thus, NT = CVf/'V[/2T 1/2 where Vr is the observed fluorescence voltage, VI.,,is the measured laser voltage, T is the flame temperature, and C is the calibration factor for the experimental system [14] . The V_ff dependence reflects the experimentally measured functional relationship between fluorescence intensity and laser power, while the T 1'2 dependence reflects the influence of collisional effects on fluorescence quenching when the effective cross-section is independent of both stoichiometry and temperature (see Section 3). The calibration factor can be found by applying the previous equation at a point where NT is known and where Vr, VL, and T are measured.
Once the system is calibrated at one point, the number density at any other location and in any other flame can be obtained from a fluorescence measurement and a temperature measurement. At each point measurements of Vf and Vr. were averaged over 600 laser shots.
Quantitative fluorescence measurements were obtained by (1)measuring the OH concentration and flame temperature in the post-flame zone, and (2)determining the concentration of atomic hydrogen by assuming partial equilibrit_m. The equations for partial equilibrium include four equilibrium constant (Kp) expressions and four atom-balance expressions for hydrogen, carbon, oxygen, and argon [14] . For closure, the mole fraction of OH is obtained from laser-saturated fluorescence measurements calibrated by absorption [2] . The temperature, required for the oquilibrium constants, is measured with miniature Pt/F't-10%Rh thermocouples that were silicacoated and corrected for radiation loss.
A comparison of fluorescence measurements of atomic hydrogen and predictions from partial-equilibrium calculations is shown in Fig. 2 for the fuel-rich (@=1.7) flame at 72 Torr. Because variations in quenching have been accounted for by using a temperature dependence in the number density calculations, the calibration factors for the stoichiometric and fuel-rich flames should be equal to within the uncertainty of the calibration. The calibration factor for the fuel-rich flame, however, is about 27% higher than that for the stoichiometric flame. Moreover, the accuracy of the number densities is 40% for the stoichiometric flame and 15% for the fuelrich flame. The lack of accuracy in the stoichiometric flame is caused by an increased sensitivity of the partial-equilibrium calculations to uncertainties in both the equivalence ratio and the measured Oil concentration. Slightly rich flames appear to be the best candidates for calibrating measurements tomic hydrogen by partial equilibrium [14 ] . 
Single.Laser Two-Step Detection of Atomic Hydrogen
Two-step fluorescence schemes for detection of atomic hydrogen can offer more efficient excitation to upper electronic states and redticed photochemical disturbances [15, 16] . The ma.irl disadvantage of such schemes is the need for two la_ers to produce, for example, independently tunable 243-nrn and 656-nm beams.
[ta the course of performing our work on two-photon (205 nm) excitation of atomic hydrogen, it occurred to us that an alternative two-step exc,tation scheme employing only a single laser should work for atomic hydrogen because of its unique energy-level structure. We refer to this sitagle-laser, two-step scheme as SLATS.
The commercial availability of beta barium borate (BBO) crystals has made it practical to The experimental implementation is shown in Fig. 3 . We used the 355-nm output from a Nd:YAG laser to pump a dye laser operated with Exciton LD489 dye. After frequency-doubling the dye-laser output with a BBO crystal, the 243-rtm and 486-nm beams were separated by a Pellin-Broca prism, and focused into the flame chamber from opposite directions using 50-cre _,_ 100-cm focal-length lenses, The low-pressure flames were stabilized on a 6-cre-diameter, dependence, but then increases less rapidly owing to rapid photoionization and partial saturation.
For the latter, the fluorescence signal is linear with the 486-ntn pulse energy for low energies, but then rapidly saturates.
To demonstrate the application of SLATS for flame studies [17] , we measured relative atomic hydrogen fluorescence profiles in the same flames utilized in a previous comparative study of different H-atom fluorescence techniques [16] . We obtained excellent agreement with the previous two-laser, two-step (TLATS) profiles in ali of the rich-to-lean H2/O2/Ar, H2/O2/N2, Ct-I4/O2 and C2H2/O2/Ar flames that had bcela studied previously. In general, we find that the detection characteristics of TLATS and SLATS are very similar, primarily because both two-step techniques use 243-nm radiation for the two-photon excitation step. Because both techniques also require detecting fluorescence at the same wavelength as one of the excitation beams, both can be affected by scattered laser radiation, especially in more hostile environments. Previous work [16] suggests that the greater reliability of relative flame i ,. profiles using TLATS compared to those .,'r, easured using two'photon or three-photon _'.,,.eitation made the two-step technique the method of choice despite its additional experimental complexity. Fortunately, SLATS provides the reduced interferences and photochemical effects of TLATS without thoseadditional complexities, and thus should prove useful for a wide .range of ria,me studies.
PICLS Stilly of Atornic-Hydrogen Quenching
We have now completed work ontke use of photoionization controlled-loss spectroscopy (PICLS) for the measure_nent of the relative fluorescence transition probability (A+Q) of atomic hydrogen in premixed flat H2/Oz/N2 flames at 20 Torr [18] . For PICLS, a second beam is introduced that strongly photoionizes hydrogen atoms in the directly excited state via laserinduced absorption. This strong photoionization effectively eliminates the sensitivity of the fluorescence signal to quenching. Thus, the r_ltio of the fluorescence signal with PICLS to conventional fluorescence yields the ratio of the fluorescence transition probability to the rate coefficient for photoionization [11, 18] . Normalized measurements of A+Q can then be used to verify or establish limits with respect to the usual assumption that the rate coefficient for quenching is constant throughout the flame. This assumption can be addressed because at 20Torr, the rate coefficient for quenching (Q) is much greater than that for spontaneous emission (A).
In the PICLS experiments, a 205-nra beam used for two-photon excitation to the n=3 level of atomic hydrogen (see Fig. 1 ) is crossed by a second photoionizing beam (550 nm) whose intensity controls the photoionization rate. confirmed that (1) quenching can be modeled with an average cross-section that is independent of pressure and (2) PICLS is useful in measuring the influence of quenching on the fluorescence signal. The major conclusion is that therate coefficient for quenching is directly proportional to pressure and inversely proportional to the square-root of the temperature, as predicted by kinetic theory. predicts the correct trend for the fluorescence transition probability in both flames. Although the magnitude ot the growth in the transition probability when approaching the burner is underpredicted in the stoichiometric flame, the prediction matches the data in the preheat zone of the fuel-rich flame. The under'prediction is probably related to the decreasing number density of the dominant quencher (H20) in the preheat zone [18] . In general, the results demonstrate the utility of PICLS for measuring relative changes in the fluorescence transition probability at flame conditions. ,,
Review of Light-Scattering Methods for Thermometry
The previous DOE-supported work on temperature measurements by anomalous [12, 13] and laser-saturated [i3] fluorescence has led to publication of a major review paper on thermometric light-scattering methods [20] . This paper will also be reproduced in a forthcoming book entitled Combustion Measurements, which will by edited by N. Chigier and published by Hemisphere.
This book will review the state-of-the-art with respect to instruments and measurements in combustion systems.
The paper reviews thermometric methods based on spontaneous Raman scattering, Rayleigh scattering and laser-induced fluorescence [18] . The typical pe,.formance of these light-scattering methods at flame temperatures based on experiments to date in steady laminar flows shows an accuracy/precision of 2% for vibrational Raman, 0.3% for rotational Raman, and 1% for both Measurements at lower temperatures (T < 500 K) are not feasible using atomic seeds because of their low vapor pressure. Precision and accuracy to :t:I K is possible near room temperature and to :t:5 K at temperatures to 1003 K using rotational Raman scattering. Similar results appear possible for fluorescence thermometry by using stable molecul:tr species such as NO or I2. Thus far, low-temperature fluorescence thermometry has only been attempted with the two-line excitation approach. Low-temperature planar thermometry may be possible using thermallyassisted ftuoresce,.ce of NO or I2 or perhaps anomalous fluorescence from pyrene. Accuracy and precision to at least +1% appear feasible for steady laminar flows.
LSF Measurements of Nitric Oxide
Previously, we have made LSF measurements of OH and NH [1] [2] [3] [4] [5] [6] [7] . However, LSF measurements of NO are considered problematic because of its smaller rotational constant, which tends to increase the rotational relaxation rate and thus reduces the efficacy of the balanced cross-rate model. To as:ess the feasibility of LSF measurements for NO, we have determined its broadband fluorescence signal as a function of laser power under flame conditions. The resulting saturation curve is similar to that for OH, thus suggesting that LSF may be useful for concentration measurements of nonhydrogenic diatomics such as NO. To attenuate the beam, which is necessary to determine the level of saturation, we rely on quartz plates as well as neutral density filters. For increased attenuation, we replace the turning mirror (see Fig. 6 ) with an ordinary optical-glass flat; the beam attenuation is then determined by the reflectivity of the material, The transmission of the various attenuators was measured using
Rayleigh scattering in room-temperature air. An aperture placed before the focussing lens is used to block scattered radiation. To minimize reflections from the vessel entrance and exit ports, we use windows placed at Brewster's angle, Finally, a portion of the beam is directed to two silicon UV-sensitive PIN photodiodes (Hamamatsu S17722-02), which are used to monitor the shot-to-shot fluctuations of the UV beam energy and to trigger the detection electronics.
For fluorescence detection, we use the two ports adjacent to the laser entrance and exit ports ( observed that partial saturation is achieved over a large range of laser power; this is especially evident on the log-log plot, In addition, from the saturation curves, we see that the entrance slit width does not affect significantly the degree of saturation (i,e,, the sensitivity of the fluorescence signal to laser power) for the range of slit widths and laser powers examined,
In Fig, 8 , we show the relative NO concentration profiles for two atmospheric premixed laminar C2H6fl,.')2/N2 flames, The lean flame had _=0.77 (with a dilution ratio of 3,0 and a cold-gas flow rate of 17,6 slm) while the rich flame had _= 1,2 (with a dilution ratio of 3,0 and a cold gas flow rate of 18,1 slm), As with the saturation measurements, the fluorescence was 
